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Abstract Fine mapping and positional cloning will
eventually improve with the anchoring of additional
markers derived from genomic clones such as BACs.
From 2,603 new BAC-end genomic sequences from
Gossypium hirsutum Acala ‘Maxxa’, 1,316 PCR primer
pairs (designated as MUSB) were designed to flank mi-
crosatellite or simple sequence repeat motif sequences.
Most (1164 or 88%) MUSB primer pairs successfully
amplified DNA from three species of cotton with an
average of three amplicons per marker and 365 markers
(21%) were polymorphic between G. hirsutum and
G. barbadense. An interspecific RIL population devel-
oped from the above two entries was used to map 433
marker loci and 46 linkage groups with a genetic
distance of 2,126.3 cM covering approximately 45% of
the cotton genome and an average distance between two
loci of 4.9 cM. Based on genome-specific chromosomes
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identified in G. hirsutum tetraploid (A and D), 56.9% of
the coverage was located on the A subgenome while
39.7% was assigned to the D subgenome in the genetic
map, suggesting that the A subgenome may be more
polymorphic and recombinationally active than origi-
nally thought. The linkage groups were assigned to 23 of
the 26 chromosomes. This is the first genetic map in
which the linkage groups A0l and A02/D03 have been
assigned to specific chromosomes. In addition the
MUSB-derived markers from BAC-end sequences
markers allows fine genetic and QTL mapping of
important traits and for the first time provides recon-
ciliation of the genetic and physical maps. Limited QTL
analyses suggested that loci on chromosomes 2, 3, 12, 15
and 18 may affect variation in fiber quality traits. The
original BAC clones containing the newly mapped
MUSB that tag the QTLs provide critical DNA regions
for the discovery of gene sequences involved in biolog-
ical processes such as fiber development and pest
resistance in cotton.

Keywords Simple sequence repeat (SSR) - Bacterial
artificial chromosome (BAC) - BAC-end sequencing -
Genetic mapping - Quantitative trait loci (QTL) -
Fine mapping - Molecular tagging

Introduction

Understanding the genetic basis of genome structure and
of biological processes for favorable traits is relevant to a
range of research objectives and also has applications for
improvement of crops. Cotton is a model crop for
cytogenetic, genomic and evolutionary biology research.
It is also an economically important renewable source of
natural fiber and secondary products such as oil, live-
stock feed and cellulose (Anderson 1999; Gregory et al.
1999). Cotton fibers are thought to be the longest uni-
cellular structures in the plant kingdom and are a model
for research on cell elongation and cell wall biosynthesis
(Hof and Saha 1997; Kim and Triplett 2001). Gossypium,
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the cotton genus, contains 45 diploid and 5 allotetraploid
species (Fryxell 1992; Percival et al. 1999; Ulloa et al.
2006) grouped into nine genomic types (x=2n=26, or
n=13) with the designations AD, A, B, C, D, E, F, G,
and K (Percival et al. 1999). The complexity of the
Gossypium genomes has afforded research opportunities
on the evolution among diploid and allotetraploid spe-
cies (Brubaker et al. 1999; Jiang et al. 1998), genetic
diversity and changes related to domestication (Paterson
2002).

Many traits of interest are likely the product of
complex biological processes in which multiple genes
and environments interact. Production of cDNA (Arpat
et al. 2004) and genomic libraries (Gonzalez et al. 2005;
Rong et al. 2004; Tomkins et al. 2001) are important for
studying sequence composition of the genome and can-
didate gene sequences involved in biosynthetic processes.
Another strategy for gene discovery is the construction
of genetic linkage maps from molecular markers derived
from these sources and from other molecular techniques
(Ulloa and Meredith 2000; Ulloa et al. 2002; Mei et al.
2004; Nievergelt et al. 2004; Rong et al. 2004; Lacape
and Nguyen 2005; Lin et al. 2005; Shen et al. 2005; Ulloa
et al. 2005; Wang et al. 2005). Markers tightly linked to
genes of interest are valuable for cloning sequences such
as retroelements (Taliercio and Ulloa 2003) which im-
pact genome structure and evolution, and loci that affect
plant—pathogen interactions (De Kock et al. 2005). For
more complex traits genetic maps have been used to
partition traits into quantitative trait loci (QTLs) (La-
cape et al. 2003; Ulloa et al. 2005). Precise marker
location, order and duplication of loci are obstacles to
map-based cloning of sequences of interest (Ulloa et al.
2005). Genome sequencing, physical alignment of
genomic sequences into the chromosomal maps and
anchoring of the genetic maps are all steps that will
improve the accuracy of the genetic maps and enable
discovery of genes underlying QTLs and their functions
in important biological processes in cotton.

To understand the complexities of genetic linkage
mapping in cotton, we must first understand the evolu-
tion and structure of the cotton genome. Cotton
genomics is in its infancy and despite ongoing efforts
by the cotton community, a high-density molecular
PCR-based map to facilitate gene discovery and marker-
assisted selection in the public domain is still lacking.
Knowledge of cotton genomic structure remains at least
10 years behind the well-coordinated global efforts in
Arabidopsis, rice, maize, Medicago and other model
systems.

BAC libraries are stable and efficient for cloning
genomic DNA and are commonly used to initiate gen-
ome sequencing (Shizuya et al. 1992). They are especially
useful in that they can provide direct integration of ge-
netic and physical maps (Kim et al. 2005). BACs con-
taining genetic markers can be used to probe intact
chromosomes to provide cytogenetic evidence of marker
location and order (Islam-Faridi et al. 2002). BAC se-
quences have also been used in saturating genetic maps

(Kim et al. 2005), map-based cloning of genes (Kilian
et al. 1997), comparative mapping, and genome analysis
(Mao et al. 2000). They also provide another valuable
resource for identifying microsatellite markers (Hong
et al. 2004).

Microsatellites, alternatively called simple sequence
repeats (SSR), have become markers of choice because
they are locus specific, often co-dominant, multi-allelic
and transferable across species and even genera (Gupta
et al. 1996). Microsatellites are arrays of nucleotides
from 1 to 6 bases in length and are common components
of genes and whole genomes (Tautz and Schotterer
1994). SSR markers have been developed for a range of
applications in scientific research including measuring
genetic diversity and genetic mapping (Varshney et al.
2005). ESTs derived from developing fibers (Arpat et al.
2004) contain numerous SSRs (Saha et al. 2003; Han
et al. 2004; Qureshi et al. 2004; Park et al. 2005) and are
useful to assess location and effect of candidate genes in
trait expression.

A newer approach to gene discovery in cotton is
proposed herein by anchoring existing cotton BAC
clones into a chromosomal framework of cotton by
mapping and hypoaneuploid assays of discovered SSR
markers. A BAC library was assembled from G. hirsu-
tum Acala ‘Maxxa’ with an average insert size of 137 kb
ranging from 80 to 275 kb (Tomkins et al. 2001). New
sequence information was generated from BAC contigs
for this study, and data mining for SSRs were done. One
of the objectives of this research is to develop a portable
set of polymorphic SSR markers from these Maxxa
BAC-end sequences. Herein, the newly developed
markers are anchored into the cotton genetic map with
publicly available SSR markers and subgenome-specific
chromosomes with hypoaneuploid stocks. A limited
search for QTLs associated with fiber quality traits with
these markers also is performed to assess the ability of
the new markers to detect QTLs. BAC-end markers that
are associated with QTLs for complex traits will be
essential for fine mapping and map-based sequencing of
genes to reveal their biological functions. Localization
of SSR markers to all 26 chromosomes, and verification
of their order and colinearity within their subgenome-
specific chromosomes are needed to complete the
development of a highly saturated consensus map in
cotton. Physical mapping of genetic markers also
enables comparisons among Gossypium genomes and the
detection of deletions, duplications, or rearrangements
that may be specific to species, or crosses within or
between species.

Materials and methods
Development of BAC-end SSR markers
The BAC library of Maxxa was developed by Tomkins

et al. (2001). The end sequences of the BAC clones
(Palmer et al. 2004) were screened for the presence of di,



tri, tetra, or pentanucleotide repeat motifs with a
minimum length of ten bases. SSRs were selected for
non-repetitive sequences of 30-70% GC content flank-
ing the SSRs. From approximately 45,000 sequences,
2,603 were identified as suitable for use in primer design.
The first 1,373 sequences were subjected to PCR primer
design using the default parameters of Primer3 software
(Rozen and Skaletsky 2000) to flank the SSRs and am-
plify fragment sizes between 125 and 350 base pairs (bp).
The parameters, such as maximum fragment size and
GC clamp were relaxed to allow for design of primers on
more SSR sequences. Eight hundred primer pairs were
designed for the first set of SSRs. The remaining 1,230
SSRs were designed with FastPCR software (Kalendar
2005) to flank the SSRs. This software implements up-
dated methods for primer design, and integrates easily
with spreadsheet programs to handle large numbers of
sequences easily. Five hundred and sixteen SSRs were
selected for designing the second set of primer pairs.
Each marker from a primer pair was identified with the
alpha code MUSB: M for microsatellite, U for the last
name of the principal investigator, S for simple sequence
repeat and B for BAC. Each primer pair was given a
marker number starting with MUSB followed by a
number from 1 to 1,316. All primer pairs were synthe-
sized by Proligo LLC (Boulder, CO) and were received
desalted. Each primer was dissolved in Tris-base
(10 mM) EDTA (0.5 mM) buffer at a concentration of
10 uM. Each PCR reaction consisted of the following:
20 ng of DNA, 1x reaction buffer II (Applied Biosys-
tems (ABI), Foster City, CA), 3 mM MgCl, (ABI),
0.2 mM each of four dNTPs (dATP, dTTP, dCTP and
dGTP, Promega Corporation, Madison, WI), 0.1 uM of
each a forward and reverse oligonucleotide primer for
flanking an SSR sequence, and 0.5 U of Amplitaq Gold
Taq Polymerase (ABI) in a total volume of 15 pl. The
reaction mixes of the 800 MUSB (Primer3 designed)
primer pairs were subjected to the following PCR pro-
tocol in a MJ PTC-200 thermocycler (MJ Research
Incorporated, Watertown, MA): an initial activation
phase of 95°C for 10 min, a touchdown amplification
phase of ten cycles of three consecutive temperatures,
denaturation at 94.0°C for 15 s, annealing at 60.0°C for
30 s, and extension at 72.0°C for 90 s, (with the
annealing temperature decreased by 0.5°C each cycle), a
constant amplification phase of 33 cycles of three tem-
peratures, 94.0°C for 15 s, 55.0°C for 30 s, and 72.0°C
for 1 min, a final extension step of 72.0°C for 6 min, and
storage at 4°C. For the 516 MUSB (FastPCR designed)
primer pairs, the PCR conditions were varied at the
touchdown phase with 21 cycles of three temperatures,
94.0°C for 15 s, 60.0°C for 30 s, 72.0°C for 90 s, (with
the annealing temperature decreased by 0.5°C each cy-
cle), and the constant amplification phase with 33 cycles
of three temperatures, 94.0°C for 15 s, 50.0°C for 30 s.

PCR products were separated on 3% Super Fine
Resolution (SFR™) agarose gels (Amresco, Solon, OH)
in 1x TBE buffer at 4 V/cm. Gels were stained with
ethidium bromide and visualized with UV illumination
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and image analysis by Alpha Imager (Alpha Innotech
Corp. San Leandro, CA) software v.5.5. Easily viewed,
expected and unexpected fragment sizes were estimated
in base pairs with a size marker (pBR322 DNA-Msp [
digest, 3032 L, New England Biolabs Incorporated,
Beverly, MA) and scored as alleles.

Plant material

PCR amplification with SSR primers and evaluation of
polymorphisms was performed on template DNA of
four cotton genotypes, G. hirsutum Acala Maxxa,
G. hirsutum cv.Texas Marker-1 (TM-1), G. barbadense
acc. 3-79 and G. raimondii (Ds_3) (Table 1). Maxxa was
used as a control for PCR amplification and to check the
amplicons for expected sizes, TM-1 and 3-79 were used
to find polymorphic markers for further use in genetic
mapping and Ds_; was used to extend polymorphism to
other cotton species. Markers polymorphic between
G. hirsutum and G. barbadense 3-79 were assayed on a
panel of 16 entries that included four different tetraploid
species (Table 1) to calculate PIC values using the
method of Anderson et al. (1993) and further described
by Park et al. (2005). PIC values are a method of
comparing molecular markers based on the number of
alleles and their combinations in a population (Botstein
et al. 1980).

Table 1 List of cotton cultivars and accessions used to study
MUSB microsatellite marker variation

Cultivar/accession® Taxonomy Genome
DNA sample panel 1

Acala Maxxa G. hirsutum L. AD;
T™-1 G. hirsutum L. AD;
Pima 3-79 G. barbadense L. AD,
(D5_3) G. raimondii L. D5_3
DNA sample panel 2

MD51ne-okra G. hirsutum L. AD,
MD51ne-nomal G. hirsutum L. AD,
HQ95-6 G. hirsutum L. AD;
Acala Maxxa G. hirsutum L. AD,
Phytogen 72 G. hirsutum L. AD,
Shafter-SCO1 G. hirsutum L. AD;
SL-1-7-1 G. hirsutum L. AD,
9456-0 Naked seed G. hirsutum L. AD,
Ligon lintless G. hirsutum L. AD,
TM-1 G. hirsutum L. AD,
NM24016 Interspecific inbred (Gh x Gb)

Pima S-7 G. barbadense L. AD,
03MUGH3 G. barbadense L. AD,
Pima 3-79 G. barbadense L. AD,
WT936 G. tomentosum Nuttall ex Seemann ADj;
‘W400 G. mustelinum Miers ex Watt ADy

“DNA sample panel 1 was used to test PCR amplification and pre-
screen polymorphisms for 1316 MUSB markers. The primer-pairs
revealing polymorphism between G. hirsutum L. and G. barbadense
L. in the DNA sample panel 1 were tested further using DNA
sample panel 2. The PIC values were calculated using the infor-
mation of allelic variation from the second DNA sample panel
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Chromosomal assignment of SSR markers

Chromosomal assignment of markers was accomplished
with hypoaneuploid F; stocks developed from an
interspecific cross between TM-1 and 3-79 (Stelly 1993).
These stocks are maintained at the Cotton Cytogenetics
Collection at Texas A&M University, and are frequently
used for chromosomal assignment of select SSR markers
(Stelly 1993; Liu et al. 2000; Ulloa et al. 2005). The
cytogenetic stocks consisted of 15 primary monosomic
and 25 monotelodisomic lines where an entire chromo-
some, all or most of a chromosome arm, or several
different specific chromosome segments of TM-1 are
missing. The intact homologous chromosomes of 3-79
are all present. A set of primer pairs and their marker
loci that were easily scored on the RILs and generated a
TM-1 amplicon that was different in size from 3-79 were
assayed on the DNA of the hypoaneuploid F; stocks.
Microsatellite markers were assigned to the deficient
chromosome of the aneuploid stock from which the TM-
1 allele was not amplified. Microsatellite loci localized to
one of the chromosomes 1 to 13 were assigned to the A-
subgenome (At), whereas loci localized to chromosomes
14 to 26 were assigned to the D-subgenome (Dt).

Genetic map construction

The markers with the best resolution under the agarose
system were selected. A set of 183 recombinant inbred
lines (RILs) from an interspecific cross between TM-1
and 3-79 was used as template for creation of genetic
linkage groups for these SSR marker loci (Park et al.
2005). Two hundred twenty-one MUSB markers poly-
morphic between TM-1 and 3-79 were selected for
mapping. SSR marker data (67 MUSS, 42 MUCS and
70 BNL) used in the creation of the map of Park et al.
(2005), and additional BNL (25) JESPR (9) NAU (22)
and CIR (2) primer pairs assayed on the RILs, were
combined with the MUSB marker data. Each RIL was
scored for the presence or absence of the TM-1 and 3-79
alleles for each marker locus with each primer pair. For
each locus alleles were considered codominant unless the
frequency of heterozygotes were high or multiple
parental alleles did not co-segregate, in which cases each
marker allele was scored as a dominant marker locus.
Multiple or duplicated loci detected by a single primer-
pair were designated by adding a lowercase letter in
alphabetical order after the name of the primer-pair with
the letter ‘a’ being the largest amplicon, the letter ‘b’ the
next largest, etc. The data were coded for analysis and
linkage grouping with JoinMap® 3.0 (Stam and Van
Ooijen 1995). Codominant amplicons were coded as A,
B or H for presence of TM-1 amplicon only or the 3-79
amplicon only (i.e. homozygous), or for the presence of
both (i.e. heterozygous), respectively. Dominant ampli-
cons of TM-1 were coded as A for the presence of the
TM-1 amplicon or B for absence, and likewise the
dominant amplicons of 3-79 were coded as B for pres-

ence or A as absence. Missing data in both cases were
coded as U. The Kosambi map function (Kosambi 1944)
was used to convert recombination frequency to genetic
map distance (centiMorgan, cM). Most of the linkage
groups were determined at LOD scores >6. Deviation
from a 1:1 segregation ratio expected for RILs was tes-
ted by Chi-square statistics for each marker.

Gene function annotation of SSR containing BAC-end
sequences

The original BAC-end sequences of 131 MUSB markers
were searched for protein homologies in Genebank
using a BLASTX search (Altschul et al. 1990). The best
matching sequence (P <0.001) was obtained to assign
putative gene function to the cotton genomic sequence.

QTLs analysis of fiber quality

The fiber quality data of the F, progenitors (Kohel et al.
2001) of the RILs used in this study consisted of fiber
elongation (Ef), fiber bundle strength (Sf), fiber length at
2.5% (2.5% Lf) and 50% (50% Lf) and fiber fineness
(Ff). The phenotypic data from the RILs were not
available at the time of this study but with F, data and
an SSR marker map of Park et al. (2005), expanded with
BAC-end derived SSR markers, we sought to compare
the chromosomal locations of previously reported QTLs
(Kohel et al. 2001; Park et al. 2005) by using RIL DNA
and SSR markers. QTL analysis was conducted using
MapQTL 4.0 (Van Ooijen and Maliepaard 1996) with
interval mapping, MQM and restricted MQM mapping
procedures. Threshold values for LR were determined
empirically after 1,000 permutation test for all traits
(Churchill and Doerge 1994).

Results
Microsatellite identification and marker design

A set of 2,603 SSR sequences were identified and 1,316
were suitable for design of flanking PCR primers. The
2,603 are only a select subset of the BAC-end sequencing
output from approximately 45,000 BAC-end sequences
and data mining done for SSRs with a minimum length
of ten bases; therefore, data and inferences about SSR
composition and frequency are limited to those con-
tained in the MUSB markers. The relative abundance of
the four repeat types among the 1,316 SSRs were: 489 di,
263 tri, 490 tetra and 74 pentanucleotides. The most
common dinucleotide motifs were AT and TA, while
TCT, AAG and AAT were most common for trimeric
SSRs. For tetra- and pentanucleotide repeat motifs,
TTTA, TTAA, TTTC and AAAAT, TTTTC, and
TTATT, respectively, were observed at the highest fre-
quencies, respectively. The most consistent observation



was the rare occurrence of the nucleotides C and G to-
gether in the same motif. Only 1164 MUSB markers
could be scored for PCR amplification products, and
Table 2 shows the numbers of MUSB markers that
produced all monomorphic PCR fragments or at least
one polymorphic allele for flanking di, tri, tetra, and
pentanucleotide SSRs and for each SSR size in number
of repeat units. The minimum number of repeat units to
qualify for SSR marker design was 5, 4, 3, and 3 for di,
tri, tetra and pentanucleotides, respectively. Variability
in the number of repeat units resulted in greater pro-
portions of polymorphic markers. All of the motifs
generally followed these patterns (data not shown), but
in particular the two motifs AATT and AAAAT with 9
of 10 and 6 of 6 markers, respectively, had high numbers
of polymorphic bands(s).

MUSB marker polymorphisms

Only 1,316 SSR sequences were suitable for design of
flanking PCR primer pairs due to insufficient length and
poor quality of flanking sequences that resulted in
primers annealing to one another or falling outside the
desirable TM range. The amplicons of a primer pair
applied to the species in Panel 1 (Table 1) were catego-
rized according to success or failure of the reaction to
produce visible and easily scored alleles or the presence
of only non-specific amplification (NSA) that did not
correspond to the expected size fragment from the ori-
ginal BAC-end sequence and were not resolved in our
agarose electrophoresis system. Each visible and con-
sistent amplicon of the markers was treated as a marker
allele and polymorphisms were recorded according to
the presence of a different size allele or the absence of an
allele in one or more genotypes. MUSB primer pairs that
failed these criteria were 146 (11.1% of the total), while
six (0.5%) produced only non-specific reaction products
and precluded the differentiation of alleles. Useful
amplification was achieved with the remaining 1,164
MUSB markers (88.4%), and they were classified further
into those that produced only monomorphic PCR
products (491, 37.3%) and those that produced at least
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one polymorphic fragment (673, 51.2%). Within both
marker categories the proportion of MUSB markers
that produced alleles of the expected or only unexpected
sizes, were 481 and 10, respectively, for monomorphic
markers and 524 and 149, respectively, for polymorphic
markers. Many reactions that produced alleles of the
expected sizes also amplified additional alleles of unex-
pected sizes and NSA. Table 3 summarizes the number
of markers producing at least one polymorphic or only
all monomorphic alleles among the four genotypes using
663 Primer3 and 501 FastPCR designed MUSB primers.
More than half of the markers were polymorphic be-
tween the tetraploid and diploid species (Ds.3). Three
hundred seventy-one (31.9%) markers were polymor-
phic between the tetraploid species, but only 132
markers differentiated the two G. hirsutum genotypes.
The estimated number of amplicons (and average per
marker) for each genotype was 1,928 (2.9), 2,015 (3.0),
2,000 (3.0) and 1,924 (2.9) for Maxxa, TM-1, 3-79 and
Ds.3, respectively. The amplification of the MUSB
markers across just these three species suggests high
transferability of the markers in cotton germplasm.

In a comparison of the two primer design methods
with all types of alleles, 541 (67.6%) and 105 (13.1%)
Primer3 designed markers produced expected and NSA
alleles, respectively, whereas 464 (89.9%) and 27 (5.2%)
FastPCR designed markers produced expected and NSA
alleles, respectively. Fewer failed reactions were ob-
served for FastPCR designed primers (13) than for Pri-
mer3 designed primers (133).

PIC values were determined for MUSB markers
polymorphic between TM-1 and 3-79 based on 16 DNA
samples in order to assess molecular diversity and po-
tential utility of these markers for fingerprinting and
genetic mapping. PIC values ranged from 0.12 to 0.85,
with an average of 0.4. MUSBO0580 showed the highest
PIC value, while the lowest value was found in three
markers. The markers with higher PIC values possess
greater potential to reveal allelic variations and, there-
fore, can be preferentially used to aid in choosing
appropriate parental lines for molecular mapping or
assessing genetic diversity within a population (Ander-
son et al. 1993).

Table 2 Number of monomorphic or polymorphic MUSB markers classified by their SSR repeat motif composition as di-, tri-, tetra-, or

pentanucleotides and number of repeat units

Added units Di Tri Tetra Penta Sum

Mono Poly Mono Poly Mono Poly Mono Poly Mono Poly
Min.? 124 155 85 95 172 231 25 37 406 517
>1 38 48 13 19 11 12 1 4 63 83
>2 12 17 3 5 2 5 0 3 17 30
>3 3 11 0 2 1 2 0 1 4 16
>4 1 14 0 9 0 3 0 1 1 27
Totals 178 245 101 129 186 253 26 46 491 673

423 230 439 72 1164

“Minimum number of repeat units per motif size: di=35, tri=4, tetra= 3, penta =3, each row represents the addition of one more unit to

the minimum SSR size
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Table 3 1164 MUSB markers classified according to polymorphic or monomorphic pairwise comparisons among four cotton genotypes

Maxxa Percent TM-1 Percent 3-79 Percent
Poly TM-1 132 11.3
3-79 371 31.9 365 314
Ds; 610 52.4 610 52.4 618 53.1
Mono T™-1 1032 88.7
3-79 793 68.1 799 68.6
Ds; 554 47.6 554 47.6 546 46.9

Percent based on denominator of 1,164 (total markers)
Maxxa = G. hirsutum Acala ‘Maxxa’; TM-1 = G. hirsutum TM-1

Chromosome location for microsatellite DNA
fragments

Primers for a subset of 35 MUSB and 20 unassigned
BNL markers were used to amplify DNA fragments
from 46 F, substitution aneuploid lines to assign the
chromosomal location of the markers (Liu et al. 2000;
Stelly 1993; Ulloa et al. 2005). The unambiguous ab-
sence of TM-1 fragments from the aneuploid stocks was
observed for 20 microsatellite markers (Figs. 1 and 2).
These markers were assigned to 17 chromosomes (Chr.1,
2,4,5,8,9,10, 11, 12, 15, 16, 17, 18, 19, 20, 22 and 23)
and of these, 11 could be assigned to a chromosome arm
(Chr.1sh, 8sh, 10sh, 10Lo, 11sh, 15sh, 16Lo, 17 Lo, 20sh,
20Lo and 22sh). The chromosomal assignment of the
new MUSB and BNL markers were helpful in con-
firming the chromosomal assignment of their linkage
groups with prior mapping information. In addition, the
chromosomes 8, 19 and 22 are being reported here as the
linkage groups with MUSS and MUCS markers that
were not assigned in Park et al. (2005). A linkage group
was assigned to chromosome 8 on the basis of five
markers (MUSB0100, MUSS250b, MUSBO0818a,
MUCS148, and MUSB0442) that were absent for the
hypoaneuploid line corresponding to a missing short
arm of chromosome 8. Two linkage groups are assigned
to chromosome 19 solely on the basis of the aneuploid
assays. Chromosome 11 is assigned to a linkage group
based on the hypoaneuploid assays with MUCSS557 and
MUSSI123 along with the assignment of JESPR135 to
this chromosome (Park et al. 2005).

Genetic mapping

Two hundred twenty-one MUSB markers were geno-
typed on the RILs but only 131 were selected for map-
ping due to ease of allele scoring. The chromosomal
location of SSR markers were derived from prior map-
ping or the hypoaneuploid assays and assisted in the
creation of linkage groups with LOD scores equal to or
greater than 6. The genetic linkage map (Figs. 1 and 2)
consisted of 433 loci from the new 125 MUSB (169), 67
MUSS (74), 42 MUCS (48), 95 BNL (101), 22 NAU, 9
JESPR, and 8 CIR (10) primer sets. Primer sequences of
the new MUSB markers are listed in Table S1. The map
covers a total of 2126.3 centiMorgan (cM) units cover-

; 3-79 = G. barbadense 3-79; D3.s = G. raimondii (Ds_3)

ing approximately 45% of the cotton genome (Reinisch
et al. 1994; Stelly 1993). The map is composed of 46
linkage groups, with 39 representing portions of 23
chromosomes and 7 as A03, D08 or 5 unassigned link-
age groups with the unassigned linkage groups having a
combined genetic distance of 70.4 ¢cM (Fig. 2). The
average distance between marker loci is 4.9 cM with
36.1 cM as the largest distance and 0.14 cM as the
smallest distance. The At subgenome (Fig. 1) consists of
249 total marker loci (including 107 new MUSB marker
loci) with a genetic distance of 1,210.8 cM (average of
4.9 cM between loci), and the Dt subgenome (Fig. 2)
consists of 168 marker loci (including 59 MUSB marker
loci) with a genetic distance of 845.1 cM. (average of
5.0 cM between loci).

Segregation distortion was evident for only 70 (17%)
markers (using a Chi-square value threshold of 10.83,
P<0.001). At P<0.001 and P <0.05 the proportion of
marker loci skewed towards TM-1 allele is (66.7%) and
(72.7%), respectively. Twenty-four of these distorted
markers mapped to the same chromosome as with the
hypoaneuploid assays and is a justification of inclusion
of these markers in the map. For example on chromo-
some 7 a cluster of six markers shows high segregation
distortion but five of them are assigned by means of
hypoaneuploid deficiency analysis to chromosome 7 and
another CIR141 also maps to chromosome 7 in another
study (Nguyen et al. 2004). An additional 18 markers
had distorted segregation but ten of them were assigned
to chromosome 15 by means of hypoaneuploid defi-
ciency analysis, and all five BNL markers in this cluster
agree with locations in another published map (Nguyen
et al. 2004). High segregation distortion of marker loci
also occurred in an intraspecific map within G. hirsutum
(Shen et al. 2005).

The chromosomal assignments to our linkage groups
generally agree with other published cotton SSR maps
(Nguyen et al. 2004; Rong et al. 2004). Several modifi-
cations are proposed that merge linkage groups and
assign markers to chromosomes with hypoaneuploid
deficiency analysis. Markers normally reported as link-
age group AO02 are linked with markers MUSBO0100,
MUSB0442, MUSS250b and MUCS148 that were
associated with the short arm of chromosome §
according to hypoaneuploid deficiency analysis. There-
fore, we assign this linkage group to chromosome 8.
Several markers associated with linkage group A02 in



Fig. 1 A subgenome coverage
from different chromosomes;
the cotton genetic linkage map
was constructed from 183
recombinant inbred lines
(RILs) from the interspecific
cross Gh cv. TM1 x Gb acc.
Pima 3-79. from a total of 433
loci and 46 linkage groups,
including 169 new BAC-MUSB
loci and framework SSR
markers (BNL, JESPR, CIR
and NAU) to anchor the map.
The markers with significant
segregation distortion (Chi-
square > 10) are indicated by
gray blocks. Map intervals for
putative QTL for five fiber
quality-related traits, fiber
elongation (Ef), fiber bundle
strength (Sf), fiber length at
2.5% (2.5% Lf), fiber length at
50% (50% Lf), and fiber
fineness (Ff), were presented by
solid vertical bars
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Fig. 2 D subgenome coverage
from different chromosomes
and unassigned linkage groups;
the cotton genetic linkage map
was constructed from 183
recombinant inbred lines
(RILs) from the interspecific
cross Gh cv. TM1 x Gb acc.
Pima 3-79. from a total of 433
loci and 46 linkage groups,
including 169 new BAC-MUSB
loci and framework SSR
markers (BNL, JESPR, CIR
and NAU) to anchor the map.
The markers with significant
segregation distortion (Chi-
square > 10) are indicated by
gray blocks. Map intervals for
putative QTL for five fiber
quality-related traits, fiber
elongation (Ef), fiber bundle
strength (Sf), fiber length at
2.5% (2.5% Lf), fiber length at
50% (50% Lf), and fiber
fineness (Ff), were presented by
solid vertical bars
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previous studies (Nguyen et al. 2004; Rong et al. 2004;
Song et al. 2005) are in this linkage group, and this
provides evidence that A02 corresponds to all or part of
chromosome 8. Another linkage group commonly re-
ported as A0l is associated with markers that are lo-
cated on chromosome 18 by hypoaneuploid deficiency
analysis and prior mapping studies. A0l is an A sub-
genome linkage group that is not yet assigned to a
chromosome and chromosome 18 is a D subgenome
chromosome that traditionally shared molecular marker
alleles of duplicated loci with A0l (Lacape et al. 2003;
Han et al. 2004; Nguyen et al. 2004; Rong et al. 2004;
Lin et al. 2005; Song et al. 2005). Therefore, it is not
surprising that some marker alleles of A0l became
linked with chromosome 18 in this map. Chromosome
11 includes some markers that were originally assigned
to linkage group A03 (BNL1034 and BNL1151; Han
et al. 2004; Nguyen et al. 2004; Rong et al. 2004). A
second linkage group also contains some markers as-
signed to AO3 in these same studies, but assigning these
markers in our map as part of chromosome 11 has been
difficult as the markers failed to generate congruent re-
sults with the hypoaneuploid deficiency analysis. Fur-
ther research is needed with additional markers and
hypoaneuploid assays to further confirm these assign-
ments.

Gene function categorization

Twenty-five mapped MUSB markers (presented in
Table S2) have a match in protein homology in Gen-
bank (BLASTX). Twenty-four showed matches to a
plant sequence and six of these are associated with
transposable or retroelements. Tomkins et al. (2001)
reported frequent homology of BAC-end sequences to
those sequences in the database identified as retroele-
ments. The rest of the sequences appear to be a ran-
dom set of protein homologies as might be expected
when sequencing the genome at random. A bias of
microsatellites with retroelements or the inherent fre-
quencies of retroelements in genomic DNA are possible
explanations of the results. A large proportion of the
BAC-end sequences are homologous to unknown pro-
teins or sequences that are yet to be characterized for
protein synthesis or other functions (Tomkins et al.
2001). In addition this genetic map contains 86 MUSS
and MUCS EST-derived markers that showed sequence
homology to annotated genes with known function
(Park et al. 2005) and 22 NAU markers (Han et al.
2004) which were originally designed from homologous
sequences that were highly expressed, up- and down-
regulated, in 24-day post-anthesis (dpa) cotton fibers
relative to 10 dpa fiber (Arpat et al. 2004). Potentially,
these sources of markers can help determine the con-
tribution of candidate (or functionally characterized)
sequences and unknown sequences in QTL analyses of
fiber traits.
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Fiber quality QTL analysis

Following the expansion of the map of Park et al. (2005)
with MUSB and additional BNL markers, we sought to
verify their previously detected QTLs because additional
coverage of the cotton genetic map may confirm QTLs,
or discover new ones, by added marker-trait variation.
The phenotypic values for fiber elongation (Ef), bundle
strength (Sf), length at 2.5% Lfand 50% Lf and fineness
(Ff) were analyzed using MapQTL 4.0 with interval,
MQM and restricted MQM mapping. The significant
minimum LOD level for declaring a QTL was estab-
lished at 2.9 for all five traits, determined by 1,000 per-
mutation tests at P<0.05. Table 4 summarizes the
markers detected as QTLs with interval mapping, MQM
and restricted MQM mapping, or both procedures along
with their LOD scores and percent explanation of the
trait variance. No QTLs were previously detected at the
minimum LOD threshold for Ef, but our analysis
showed a higher LOD score for MUSS572 (Park et al.
2005) and the appearance of another marker BNL3408,
on chromosome 3. A QTL for Sf was detected on
chromosome 18 for MUSB0685b with the minimum
threshold cutoff. Two QTLs were detected on chromo-
some 18 for 2.5% Lf with MUSB0685b and BNL2652.
Three QTLs for 50% Lf were marked with MUCS620
and MUSB0958¢ (chromosome 2), and MUSB0685b
(chromosome 18). Two QTLs for Ff were marked with
BNL3408 (chromosome 3) and MUSS026 (chromosome
12).

Discussion

Newly developed BAC-end MUSB markers improved
genome coverage in the consensus genetic map and, for
the first time by hypoaneuploid deficiency analysis, as-
signed several loci onto cotton chromosomes. MUSB-
derived markers will also, for the first time, aid in the
reconciliation of the genetic and physical maps, and fine
genetic and QTL mapping of important loci on chro-
mosomes that may affect variation in fiber quality traits,
and pest resistance. Original BAC clones may provide
critical targets of DNA regions for the discovery of gene
sequences involved in biological processes such as fiber
development and pest resistance in cotton. We designed
1,316 MUSB primer pairs and placed 169 MUSB mar-
ker loci and added 849 cM to the genetic distance into
the map using RILs from the interspecific cross of TM-
1 x 3-79 (Park et al. 2005). During the course of the SSR
primer pair designs, we observed that the composition of
the SSR motifs within our MUSB markers differed in
type and frequency. There was a preponderance of AT,
TA and AAG for di and trinucleotide motifs, similar to
cotton ESTs (Park et al. 2005) and Arabidopsis (Cardle
et al. 2000). However, other plant species such as wheat,
rice and barley (La Rota et al. 2005) differ in their lower
frequency of these motifs and a higher frequency of
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Table 4 Quantitative trait loci

(QTL) detected by MapQTL Trait QTL Map location Nearest marker LOD %expl
4.0 (subgenome)
Fiber elongation Ef Chr.03 (A) BNL3408b* 2.5 14.5
Chr.15 (D) MUSS572° 2.3 5.8
Chr.18 (D) MUCS404° 2.1 5.6
Chr.18 (D) MUCS570° 2.1 5.7
Fiber bundle strength St Chr.03 (A) MUSB0073d* 2.1 5.7
Chr.15 (D) MUSB0325¢ 2.5 5.5
Chr.15 (D) MUSB1064c* 2.4 5.9
Chr.15 (D) MUSS572% 2.0 5.4
Chr.18 (D) MUCS145b° 2.6 6.3
Chr.18 (D) MUSB0685b° 2.9 6.5
, Fiber length at 2.5% 2.5% Lf Chr.02 (A) MUSS294b 2.0 5.7
MapQTL mapping output were Chr.09 (A) MUSS022° 23 8.0
used to represent the values for Chr.18 (D) MUSB1135h? 22 7.2
LOD and phenotypic variance Chr.18 (D) MUSBO0685b° 3.0 8.0
explained (%oexpl). Markers Chr.18 (D) BNL2652° 2.9 9.0
with LOD>2.0 are included Fiber length at 50% 50% Lf Chr.02 (A) MUCS620° 3.8 9.4
because some markers appear Chr.02 (A) MUSBOgsgeb 29 73
in more than one trait Chr.10 (A) BNL256° 23 5.9
a, M
QTL detected by interval Chr.18 (D) MUSBI1135d° 22 7.6
mapping Chr.18 (D) MUSB0685b° 3.1 7.8
QTLs detected by MQM Fiber fineness Ff Chr.03 (A) BNL226b° 2.1 7.9
mapping and restricted MQM Chr.03 (A) BNL3408b° 3.8 17.2
mapping _ Chr.05 (A) MUCS108° 22 7.3
QTLs detected by interval Chr.12 (A) MUSS026° 3.6 11.1
mapping, MQM and restricted Chr.17 (D) MUSB0224a° 2.1 6.8

MQM mapping

CGC and CCG motifs. The bases C and G rarely co-
occur in our SSR motifs and this may be a distinguishing
feature between monocotyledonous and dicotyledonous
plants. Park et al. (2005) reported that trimeric type of
SSR motif was the most frequent in the EST SSR
markers whereas we found that in BAC-ends tetrameric
SSRs were more prevalent suggesting that genomic
DNA, in general, does not select for the trimeric SSRs
whereas some EST sequences may only tolerate varia-
tion in the trimeric SSR units (Metzgar et al. 2000).
MUSB markers not only expanded the length of the
map, but also improved genome coverage by filling the
gaps between loci as well. Park et al. (2005) had an
average distance of 6.7 and 6.5 cM between loci in the
At and Dt subgenomes but in this map (Figs. 1 and 2)
they decreased to 4.9 and 5.0. This is a significant new
source of markers because other maps with more
markers still have a higher average distance between
loci, e.g., Lin et al. 2005 (566 loci, 9.1 cM distance) and
Song et al. 2005 (624 loci, 9.0 cM). However, some
markers appear to be clustered in centromeric and
telomeric regions and still leave gaps in the genetic maps,
suggesting that the genomic map is currently composed
of areas with high (hot spot) and low (cold spot) meiotic
recombination like many other eukaryotic organisms
(Gill et al. 1996; Petes 2001; Ulloa et al. 2005). Verifi-
cation of the physical density of map regions with dif-
ferent recombination rates (genetic distances) will
require knowledge of the underlying genomic sequences.
Apparent paralogous loci between chromosome 3
and 14, and 5 and 20 have been observed in other studies
(Reinisch et al 1994; Rong et al. 2004). Sixteen BNL
markers were assigned to just one locus that agreed with

the published cotton SSR maps, but some or all of these
maps show additional homoeologous or paralogous loci
for these same markers. Marker duplication across or
within chromosomes may reveal clues to chromosomal
and whole genome evolution. Differences in marker
location can first be resolved with the use of aneuploid
stocks since they provide cytogenetic evidence of chro-
mosomal location and help validate the marker location
(Figs. 1 and 2). Continued use of BAC-end derived
markers and hypoaneuploid deficiency analysis will be
instrumental to resolving marker order, distances, and
the extent of sequence duplication in the cotton ge-
nomes. Cotton is also more closely related to Arabid-
opsis than most other crop plants, and this will enhance
comparative mapping and genomic research with this
complete genome (Rong et al. 2005). The ordering of
most markers in the genetic map presented herein are in
agreement with Park et al. (2005) and with the exception
of ten markers the placement of the BNL, CIR and
JESPR SSRs are in general agreement with other maps
(Lacape et al. 2003; Han et al. 2004; Nguyen et al. 2004;
Rong et al. 2004; Lin et al. 2005; Song et al. 2005).
BNLS852, BNL1045 and BNL3580 are on chromosome
5, 12 and 15, respectively, in this map but in other maps
they lie on linkage group D08, and on the homoeolo-
gous chromosomes 26 and 1, respectively (Nguyen et al.
2004; Song et al. 2005). Han et al. (2004) placed
BNL1045 on chromosome 3, whereas Rong et al. (2004)
mapped it to chromosome 22. JESPR218, JESPR236
and JESPR235 are on chromosomes 19, 19, and 20
respectively, in our map, but the first two are assigned to
linkage group D08 and JESPR235 to D08 and chro-
mosome 22 in Song et al. (2005). CIR203 and BNL1064



are on linkage group A03 and chromosome 26, respec-
tively, on this map, but CIR203 is on chromosome 6 in
Nguyen et al. (2004) and BNL1064 is a consensus for
chromosome 6 (Lacape et al. 2003; Han et al. 2004;
Nguyen et al. 2004; Rong et al. 2004; Lin et al. 2005;
Song et al. 2005). We mapped NAU0998a and
NAU0922 to chromosome 3 and 5 but Han et al. (2004)
placed these on chromosomes 14 and 20.

Distorted segregation of loci was detected for SSR
markers, and these were skewed mainly towards the
maternal parent (TM-1). This is commonly observed in
wide crosses in cotton (Lacape et al. 2003; Han et al.
2004) and other plants (Tanksley et al. 1992) but the
congruence of skewed markers in our map with other
genetic maps (Han et al. 2004; Nguyen et al. 2004; Song
et al. 2005) and the chromosomal assignments with
hypoaneuploid deficiency analyses justifies their inclu-
sion into this genetic map. Hypoaneuploid deficiency
analyses and genetic linkage map construction suggested
the localization of several SSR markers to chromosomes
8, 11, 19 and 22 which have not been previously reported
(Figs. 1 and 2). These new findings provided new in-
sights to the genome tetraploid composition in this ge-
netic map.

The diploid A and D genomes, which differ in phys-
ical size by a factor of about 2, are recombinationally
equivalent (Brubaker et al. 1999), as are the At and Dt
tetraploid subgenomes (Brubaker et al. 1999; Rong et al.
2004). However, the genetic distances of the At and Dt
subgenomes are about 50-93% longer than their extant
diploid models (Reinisch et al. 1994; Brubaker et al.
1999; Rong et al. 2004). Markers specific to tetraploid
cotton such as the MUSB markers will be needed to
cover this extra distance. Based on genome-specific
chromosomes identified in G. hirsutum tetraploid (A and
D), the A subgenome in our genetic map covers 56.9%
of the genome while the D subgenome covers 39.7%.
Also more MUSB markers were linked to the A sub-
genome (105) than the D subgenome (57) (Figs. 1 and
2), which suggests that the A subgenome is more poly-
morphic and recombinationally active than originally
thought (Zhao et al. 1998). Frequent association of
repetitive elements in BAC-end sequences in general
(Tomkins et al. 2001) and MUSB markers (supplemen-
tary Table S2) suggest that larger genome sizes may re-
sult from retroelement activity (Zhao et al. 1998; Zaki
and Ghany 2004), which has been supported by research
in the rice (Ma et al. 2004) and human (Boissinot et al.
2004) genomes. The MUSB markers appear to be tar-
geting segments of both genomes in proportion to their
physical size, thus helping to reconcile genetic map dis-
tances with physical distances. Continued research with
BAC-end markers and alignment of BAC contigs will
also enable research into the causes of different genome
and subgenome sizes among related species.

This map was useful in detecting fiber quality QTLs
similar to Park et al. (2005) and Kohel et al. (2001).
More precise chromosomal locations were detected for
QTLs in this study than Park et al. (2005) and demon-
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strated the utility of adding new MUSB SSR markers.
Table 4 includes markers with LOD > 2.0 because some
markers appear in more than one trait, e.g., BNL3408
(chromosome 3), which explains 17.2 and 14.5% of the
variation in Ff and Ef, respectively. The same markers
described in Park et al. (2005) were detected here, but
the LOD scores and percent variance explained were
increased in our map for 50% Lf (MUCS620) and
Ff (BNL226b and BNL3408b). Marker MUCS620 is
homologous to an endo-f-1,4-glucanase (£ value=0.0),
an enzyme that plays an important role in cell extension
during rapid polar elongation of developing fibers (Ar-
pat et al. 2004), but the discovery of additional QTLs in
our map suggests that DNA marker sequences on other
chromosomes also affect fiber length. In general, mark-
ers that showed the highest LOD scores were detected in
multiple traits (e.g., MUSB0685b on chromosome 18
explained 6.5, 9.0 and 7.8% variation in Sf, 2.5% Lf and
50% Lf, respectively). Kohel et al. (2001) also reported
fiber QTLs on chromosome 3 and 18 which parallel re-
sults of other studies that implicate these chromosomes
and others in controlling fiber quality (Lacape et al.
2003; Ulloa et al. 2005). Research reported by Morgante
et al. (2002) and La Rota et al. (2005) suggested that
genomic microsatellites were preferentially associated
with gene-rich regions. These results justify the use of
BAC-end MUSB markers along with EST-SSR markers
to fine map QTLs. Saturation of the cotton genetic map
with BAC-end markers will further improve the target-
ing of common QTLs for discovery of genes and their
biological roles in complex traits and to complement
research in cotton biology (Wang et al. 2004; Wilkins
and Arpat 2005).

The assignment of chromosome location to markers
still associated with subgenomes (e.g. linkage A03) has
been difficult. Hypoaneuploid deficiency analysis in this
study has enabled the assignment of some SSR markers
to chromosome 11 that were originally linked to A03.
Important disease resistance traits have recently been
associated with SSR markers in linkage group A03 and
chromosome 11 (Bolek et al. 2005; Wang et al. 2005).
Continued use of genomic tools such as hypoaneuploid
deficiency analysis, use of genomic markers such as
MUSB BAC-derived SSRs, and a genetic framework,
map, will enable the discovery of gene sequences involved
in disease resistances to several common soil pathogens
and facilitating the fine mapping of these genes.

Knowledge of the actual relationships between
physical and genetic distances, and references to whole
genomic DNA is lacking in cotton. Kim et al. (2005)
used fluorescence in situ hybridization (FISH) of BAC
contigs within the framework of the Sorghum genetic
map and found that the new estimates of physical dis-
tances was 1-fold less than the estimates derived from
genetic distances. The concurrent development of se-
quence-tagged connectors and BAC fingerprints (Tom-
kins et al. 2001; Yu et al. 2005) in the course of BAC-end
sequencing and the placement of BAC-end MUSB
markers into the genetic map will contribute to the
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development of a consensus map and enable the physical
alignment of the cotton genome. This will improve the
assessment of positional cloning and fine mapping for
genes of interest and enhance investigations into their
genetic sequences and biological roles in the cotton
plant. An additional benefit is that the MUSB markers
are helpful in the development of a consensus PCR-
based map and provide the cotton community with
marker-assisted tools for cotton breeders to discover and
select for genes to improve agronomic, fiber and pest
resistance traits.
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